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{54) Chromatographic separation
device ~.

(67) Achromatographicseparation
device comprises abedy 2ofa
semiconductor material which body has
alongitudinal channel 1 formedina
surface thereof, the channel 1 being
capabile of containing a predetermined
volume of aliquid or solid material fora
chromatography test orseparation
procedure, the channel carrying atleast
one electrode 6 positioned intermediate
the channel ends. The semiconductor
body may additionally supportan
electronic or optical sensor 8 arranged in
line with said channel 1to provide an
integrated detection system.
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SPECIFICATION  °
Chromatographic separation device

This invention relates to a chromatographicsepar-

ation device. It relates particularly to the provision of

such a device thatcan be used for a variety of app-
lications such as electrolysis, chromatography, elec-
trophoresis and the study of alectrokinetic phen-
omena.

The development of separation technology has
boughtwith itthe need to be able to work accurately

- with very smalltest samples and possibly to provide

aseparationcelithatcan be integrated with a detec-
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tion system. Thé signalsfrom anintegratedsensor
will be less likely to be influenced by noise or leakage
as compared with those of a discrete sensor. The
sensing elementwould thus make use ofanon-
specific technique such as conductivity, optical
{absorbance, refractive index) or electrochemical
properties ar, more likely, asuitable combination of

70 contact pattern deposited onachannel;

75 depictedinFigure8

80-with fourchromatographic separation.devices ofthe

85 ationdevices;

process;

Figure 6is similar to Figure 4 and shows the result
of an electromechanical sawing process;

Figure 7is across-sectional view showing a metal

Figure 8is a similar view showing the metal con-
tact pattern having been etched or sawedto partially
remove the metal deposit;

Figure 9is a plan view of the electrode structure

Figure 101s a cross-sectional view of the electrode
structure on a channel with acover plate placed over
the channel;

Figure 11isa ptanview of a silicon wafer provided

invention and an array of electronic or optical sen-
sors;

Figure 12is a graph showing the results ofsome
conductance measurements made using the separ-

Figure 13isaplan view'showing a prototypecon-

The present invention was devised to providea
separation devicethatwas capable of being manu-
factured in a miniature form to assistthe microsepar-
ation and detection of biochemical and other chemi-
cal species. .

According tothe invention, thereis provided a-
chromatographic separation device comprising a
body of a semiconductor material which bodyhasa
longitudinal channel formed in asurface thereof, the
channel being capable of containing a pred-
etermined volume of a liquid or solid material fora
chromatographic testor separation procedurs, the
channel carrying.atieast one slectrode positionedin-
termediate thechannel ends. _

Preferably, an open side of the said channelis
closed by acover plate. i

The channel may be formed by anintegrated cir-
cuittechnique such as photolithography or micro-
machlining. Alternatively, the channel may be
formed by a micromechanical machining technique
‘such as electromechanical sawing.

The body of semiconductor material may be a sil-
lcon wafer., The separation device may further carry
an electronic or optical sensor elementwhichisloc-
ated in line with the channel. The body of semi-
conductor material may be provided withtwo or
more of the longitudinal channels, the channels
being located in a mutually parallel arrangement.

By way of example, some particular embodiments
of the invention will now be described with reference
to the accompanying drawings, inwhich:-

Figure 1is across-sectional view greatly enlarged
of an anisotropically etched microchannel structure
in abody of silicon water material; .

Figure 2is asimilarview showinga different
channel shaps;

__ Flgure3isasimilarview showing the result of

etching a body of silicon having a different crystal
orientation;
Figure4isasimilarview showing the resultofan

ation device, and,

Figure 14is a similar view of a double ended separ-

90 ationdevice. .

The construction of the chromatographic separ-
ation device of the invention begins with the prepar-
ation of a slice of semiconductor material andinthe
embodiment about to be described this wasasilicon

a5 wafer. Forconvenience in use of the separationde-

vice some of the test slices were formed with two

channels located in a mutually parallel arrangement.
The formation of very narrow channels insilicon

wafer material can be achieved by using the well-

100 developedintegrated circuittechnology of photo-

lithography, micromachining or micromechanical
machining. Micromachining utilises the controlled
etching characteristics of silicon, and involves aniso-
tropicarid isotropic wet and/or dry etching. Aniso-

105 tropicetchants, which are also known as orientation-

dependentor crystatlographic etchants, etch silicon
atdifferent rates in different directions in the crystal
lattice; they can form a variety of well-defined
shapes with sharp edges and corners. Typical ex-

110 amplesinclude hotalkaline solutions such as aqu-

eous potassium hydroxide (KOH) or sodium hydro-
xide and a mixture of ethylendiamine, pyrocatechol
and water known as EDP. Dry etching techniques
such as reactive ion etching and argon ion beam mil-

115 ling canalso be employedto perform anisotropic

etching. Isotropic etchants, on the other hand, etch
the silicon crystal atthe same rate inall directions

and generally produce rounded shapes: Typical ex-
amplesinclude mixtures of hydrofluoric, nitricand

120 aceticacidsknownasHNA. .

“The fabrication of the channel structures by micro-
machining involved the following main steps: form-
ation of a layer of silicon dioxide on the silicon wafer
body by a standard thermal oxidation process; def-

125 Tinition of patternsontheoxidised surface byusing- --

standard photoresist and photolithography pro-
cesses; removal of oxide by wetor dry etching where
channels were to be formed thus exposing the sil-

' ‘3; isotropic etching process;
Figure 51s aplan view showing the formationofa
65 channel having aserpentine shape by the etching

jcon surface; removal of photoresist and etchingthe
130 silicon body in places where itwas unprotected by
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the oxide mask. In structures requiring long etching
times, silicon nitride was generally employed asa
masking material in place of silicon oxide {SiO;). In
certain cases, gold and chromium metals might
5 alternatively be employed for this purpose.
Anisotropic wet etching was performed mainly on

silicon wafers with two alternative types of crystal
surface orientations viz. <100 and «110:. Etching
along {110} planes was quite rapid compared with

10 {100} planes. The attack along a{111} planewasex-
tremely slow, if it occurred at all, by the action of ani-
stropic etchants. A variety of channels was formed
by controlling orientation, shape and size of the__

tion/sensing of species by conductivity and other el-
ectrochemical measurements were generally
deposited by a standard multimetal sputter deposi-
tion process. Four alternative metallisation schemes
70 viz titanium/gold, titanium/platinum/gold,
chromium/goid and chromium/platinum/gold were
employedforthis purpose. The thickness of each of
the metalstitanium, platinum and chromiumwas
usually around 100nm whereas thatofgold varied
75 between 1 micronto 3 microns depending upon part-
iculardesign and application, Metal contact patterns
were produced either by using standard photoresist,
photolithography, metal etching and resist float-off

oxide openings on the surface of these wafers, and
15 etching silicon with standard anisotropicetchants
mentioned earlier. When etching withthese
etchants, proper mask alignment with specificcrys-
tallographlc axes of the wafer was considered of ut-
most lmportance ifthe required structures weareto

channels etchedin this wayln SI||COI‘I for utlllsmgvln -"

chromatographic and electrophoretic devices are de-
scribed below.

———Asshownin Figure 1, V-shaped channels 1 were

25 formed in a silicon wafer body 2 by analkaline
etchant (KOH) acting through rectangular openings
in an oxide mask 3 oriented along the (11 direction
of <100 wafer with {111} side walls. Etching was
stoppedin the early stages to produce the structure

30 shownin Figure 2. Inthe formation of narrow chan-

nels, the depth needed to be closely controlled by the

width ofthe opening in the oxide etch mask. For pro-
ducing deeper structures (50 microns), silicon nit-
ride was employed as the masking material. Electro-

35 chemical etching was also employed to reduce the
problem of undercutting the mask. Ina <110 oriented
wafer, two sets of {111} planes are aligned per-.
pendicularto the (110) surface plane although notto
sach other. Long, deep and closely spaced channels,

40 withvertical wall {111} side terminations {Figure 3),

_ were etched by potassium hydroxide reagentina
110 silicon wafer; the etching ratioin the (110 to
111 direction was very high (~400to 1).

Anisotropic etchant (HNA), with continuous agita-

45 tion, was employed to produce the channel struc-
tures shown in Figure 4. The HNA etch canbe em-
ployed to produce a variety of channel structures
such as serpentine, spiral, etc. the alignments of
which are independent of crystallographic ori-

B0 entations of the silicon wafer material. A planview of
atypical serpentine etched structure Is shown in
Figures.

Although rarely used for etching silicon, the tech-
nique of micromechanical machining hasbeen

55 found to be suitable as an alternative process forfor-
ming the channels. it mainly involves electro-

_ mechanical sawing with very fine diamond blades

-~ - “undercontrolled conditions toproduce-nearly re- -
ctangular, closely spaced channels inthe silicon. The

60 shapesformed areindependent of crystallographic
orientation of the silicon wafer., A typical'sawed
cross section (75 microns X 200 microns) is shownin
Figure6.

The metal contact electrodes required in the fabri-

65 cation of electrophoretic devices and for the detec-

technique or by depositing metals directly through

80 contactceramicor metal masks. A variety ofetched

" and sawed column structures were electroded; one
typical cross section view of such a structure is given
inFigure7.

As depicted inFi F‘gure 7.thesilicon wafer body 2

aboutO 5micronsand above the channel 1an elec—
trode 6 area has been deposited. The electrode 6 area
covers the two sides of the channel 1 and it also des-
cends down the side walls of the channel and across
90 the channel bottom. The presence of electrode mat-
erial inthe channel is notrequired because itreduces -~
the cross-sectional area of the channel, Accordingly, —
this excess electrode material was removed by etch-
ing or by the electromechanical sawing operationto
95 leave only the portions of electrode 6 which lie on top
ofthe oxide mask3.
The cross-sectlonal view of the wafer body 2then
appears as in Figure 8, and a plan view is givenin
. Figure9. Aview of the wafer body with the cover
100 plate 7 inplaceis givenin Figure 10.
Figure 11 gives a plan view of a practical construc-
tion in which a circular silicon wafer body 2 havinga
diameter of three inches forms a substrate for four Q-
channels 1 each having awidth about 75 microns
105. and a depth of about 200 microns. Each channel 1
has two electrodes 6, the two electrodes being spa-
ced longitudinally along the length of the channel: At
the end of each channel 1 there is provided an elec-
tronic or optical sensor 8, the four sensors being
110 mounted as an array on the surface of the wafer body
2.
The resulting open channel structures formed by
the abovementioned techniques in siliconwafer .
material ware covered over with-a Pyrex (Registered
115 Trade Mark) glass cover plate which was merely pla-
ced over the openside of the channels orin alternat-
ive embodiments was bonded into place anodically
orwith an adhesive. This produced an enclosed cap- -
illary channel structure the dimensions of which
120 could be varied from afraction ofa micron tomany
microns {about 300 microns). The minimum dim-
ensions of the channels which can be employed in

-~

- — — chromatographic devices will be limited by-the- --- R

‘molecular size’ of the species under detection
125 whereasin thecase of electrophoretic devices these
will be mainly controlled by the thickness of the
double layer of the species. The nonaqueous sys-
tems such as proteins and macromolecules are most
likely to have larger values of the double layer thick-
130 ness{afew orders of magnitude) compared with
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aqueous systems (~5A.U.).

Uss of the chromatographic separation device of
‘the Invention Isillustrated by the following Ex-
amples:

5 70

Example 1. Chromatography in microchannels and
detection on a silicon wafer
In asample of the device corresponding to that
shown in Figure 11, the channels (width ~75 mic-
10 rons, depth ~200 microns) wera filled with a 1.5%
agarose solution, immobilised and held in place by
covering with a glass cover plate. The operation of
filling the channel was effected by conventional
methods such as diffusion and the application of

75

with a variety of chromatographic mediaforthe re-
solution of gases and volatiles by gas chromato-
graphy and a variety of other materials by liquid
chromatography. Thus, chromatographic media
comprising styrene/divinylbenzeneion exchange re-
sins and acryliccarboxylic, tertiary amino and chelat-
ing resins were formedn situ by polymerisation
onto an allyldimethyl chlorosilane-activated
channel. These media were exploited forthe resolu-
tion of a variety of charged metallic, organic and pro-
teinaceous species. Similarly, silica oralumina

" adsorbents comprising oxidised silicon or alumi-

nium channels were used for the micro-
chromatography of complex lipids, fatty acids,

15 high pressures. The wafer was placed in abeaker 80
contalning a small quantity of the enzyme 8-
galactosidase in sodium phosphate buffer solution.
The device was then left standing overnightin aver-
tical position with the lower channel ends just

20 dlpplng inthe solution. The channels were subsequ- 85

l
methylumbelhfyl B- D-galactopyranosude, whichis
enzymatically cleaved to form a fluorescent product.
Under UVirradiation the channelswere seento

25 fluoresce and itwas concludedthat the enzyme had

migrated upthe channels.

To detect the species near the ‘exit’ end ofthe
channels by conductivity measurements, the above
experimentwas repeated using sodium phosphate
buffer solutions of various concentrations. Agarose
was immobllised in the channels as before. The dev- -
ices were allowed to stand upright in a small volume
of sodium phosphate buffer solution, and the con-
ductance between the two metal pad electrodes was
then measured. The results are shown inthe graph
of Figure 12, where the vertical axis measures con-
ductance {in microseconds) and the horizontal axis
measures concentration {in millimoles) of the re-
levant sodium phosphate buffer solution. itcanbe
seen that the steady state conductance s linearly re-
lated to the ionic strength of the buffer solution.

Thesetwo experiments demonstrate thatitis pos-
sible for biochemical or other chemical species to
migrate along these microscopic channels and to be
detected fluoroscopically or for the concentration of
the migrating chemical to be determined quan-
titatively by the conductance measurementswhen °
using an integrated sensor.

30 95

35 100

105

45 110

50 Example 2. A chromatographic separation and sen- 115
sing device
To constructa practical chromatographic device
as shown in Figure 13, a portion of the silicon wafer
body 2 measuring 7mm x 65mm and being provided
with rectangular channels 1 (dimensions: 100 mic-
rons X 200 microns) was mounted using anepoxy
resin adhesive onto alumina strips 8. The alumina
strips 8 measured 13mm x 50mm. In turn, the strips
- - -8wereepoxyresinbondedto-agoldplatedelectro-- - -
60 nics mounting package 9 having insulated pins 11 for
making electrical connections. The chromatographic
devices were then bonded to the pins 11 by means of
gold wires 12 attached to the electrode 6 areas.
Intests carried out on the separation and sensing
65 properties of this device, the channsls were filled

55

120

125

130

90.

steroids, alkaloids, phenols, hydrocarbons, dic-
arboxylic acids, amino acids, esters, peroxides,
aldehydes, alcohols and nucleicacids.
Proteins and enzymes were resolved by gelfiltra-
tion media comprising sephadexes, agaroses, acry-
lics or poroussilicas, by ion exchangeoncar- -

tive adsorption of individual proteins or groups of
proteins was achieved by micro-affinity chromato-
graphy onimmobilised dyes, lectins, chelating
ligands, protein A, boronate, heparin, nucleotides,
immunoligandsetc. Similarly, charge transfer
ligands were used to resolve nucleotides, im-
munoligands etc. Similarly, charge transfer ligands
were usedto resolve nucelotides, oligonucleotides
and nucleic acids, and appropriate chiral phases for
the resolution ofisomeric and chiral compounds.

" Example 3. An electrophoretic separation and sen-

sing device

In a similar constructionto that used for the
chromatographic device of Example 2, an electro-
phoretic device as depicted in Figure 14 was built.
Forthe electrophoretic device, the electrode 6 areas
neededto be provided at both ends of thechannels

-1, consequentiy the pins 11 and the gold wires 12

were similarly required to be located atboth the ends
ofthechannels 1.

Intests carried out on the separation and sensing
properties of the device, itwas found that the posi-
tioning ofthe electrodes at the distal ends of the
channel 1 filled with an appropriata electrophoretic
medium permitted miniaturised electrophoresis to

‘be performed within minutes. For example, electro-

phoresisin agarose gel resolved proteins according
to charge, whilst polyacrylamide gel electrophoresis
was found to impose a sieving effect additional to the
charge separation. Such a miniaturised device con-
taining agarose or acrylamide gels could be used to
resolve proteins, enzymes and isoenzymesin
normal and abnormal serum samples.

Similarly, agarose and polyacrylamide gel electro-
phoresis may be used for the resolution of nucleic

acids.andoligonucleotides-andthe device finds part-—— -

icular application in DNA restriction fragmentanaly-
sis, DNA sequencing and probe analysis. These sup-
ports are also applicable to a variety of
immunological, electrofocussing and affinity tech-
niques.

The chromatographic separation device of the in-
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%
'\.( ) vention is proposed to be employed to study the el-
s . ectrokinetic or zeta potential, which is involved in el-
ectro-osmosis, electrophoresis and allied
phenomena. The zeta potential is the potential be-
5 tween the fixed and freely mobile part of the double
layerand foracertain class of electrolytes ithas been
. generally reported to control the electrophoretic
mobility. Aknowledge of these paramsterssuch as
the zeta potential of certain ionic species under ex-
10 amination may be of help to predictthe response
speed ofthese ions for detection.
Theforegoing description of embodiments of the
invention has been given by way of example only

and a number of modifications may be made without

15 departing fromthe scope ofthe invention as defined
in the appended claims. For instance, in some app-
lications it may be possible to use the separation de-
vice without need for a cover plate over the open side
ofthechannel.

20

1. Achromatographic separation device com-
prising a body of a semiconductor material which
25 body has a longitudinal channel formed in a surface
thereof, thechannel being capableé of containinga .
predetermined volume of aliquid or solid material
fora chromatographictest or separation procedure,
the channel carrying at least one electrode posi-

(" _ 30 tionedintermediate the channel ends.
. . .2. Aseparationdevice as claimedinclaim 1,in
( ) which an open side of the said channel is closed by a
cover plate.

+ 3.- Aseparation device as claimedinclaim 1 or2,

35 inwhich thesaid channel isformed by anintegrated
‘circuittechnique such as photolithography or micro-
machining.

4, Aseparationdeviceasclaimedinclaimior2,
- inwhich the said channsl is formed by a micro-

40 mechanical machining technique such as electro-
mechanical sawing.

‘5. Assparation device as claimed in any one of
claims 1 to 4, in which the said body of serniconduc-
tor materialis a-silicon wafer.

45 6. Aseparstiondevice asclaimedinanyoneof
claims 1 to 5, in which the said body furthercarries
an electronic or optical sensor elementlocated in
linewith said channel. .

7. Aseparationdevice as claimed in any one of

50 claims 1to 6, in which the said body is provided with
two or more of said longitudinal channels, the chan-
nels being located in a mutually paraliel arrange-
ment. .

8. Achromatographic separation device sub-
° 65 stantially as hereinbefore described with reference
to any one of the accompanying drawings.
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